Endothelium-dependent vasodilation is impaired in humans with diabetes mellitus. Inactivation of endothelium-derived nitric oxide by oxygen-derived free radicals contributes to abnormal vascular reactivity in experimental models of diabetes. To determine whether this observation is relevant to humans, we tested the hypothesis that the antioxidant, vitamin C, could improve endothelium-dependent vasodilation in forearm resistance vessels of patients with non-insulin-dependent diabetes mellitus. We studied 10 diabetic subjects and 10 age-matched, nondiabetic control subjects. Forearm blood flow was determined by venous occlusion plethysmography. Endothelium-dependent vasodilation was assessed by intraarterial infusion of methacholine (0.3-10 micrograms/min). Endothelium-independent vasodilation was measured by intraarterial infusion of nitroprusside (0.3-10 micrograms/min) and verapamil (10-300 micrograms/min). Forearm blood flow dose-response curves were determined for each drug before and during concomitant intraarterial administration of vitamin C (24 mg/min). In diabetic subjects, endothelium-dependent vasodilation to methacholine was augmented by simultaneous infusion of vitamin C (P = 0.002); in contrast, endothelium-independent vasodilation to nitroprusside and to verapamil were not affected by concomitant infusion of vitamin C (P = 0.9 and P = 0.4, respectively). In nondiabetic subjects, vitamin C administration did not alter endothelium-dependent vasodilation (P = 0.8). We conclude that endothelial dysfunction in forearm resistance vessels of patients with non-insulin-dependent diabetes mellitus can be improved by administration of the antioxidant, vitamin C. These findings support the hypothesis that nitric oxide inactivation by […] Research Article
Introduction
Diabetes mellitus is a disease with protean manifestations, the most devastating being its vascular complications. Atherosclerosis, involving cardiac, cerebral, and peripheral vasculature, develops earlier in diabetic than nondiabetic subjects and accounts for the largest fraction of excess morbidity and mortality (1) (2) (3) . Diabetes mellitus is also associated with premature microvascular disease which contributes importantly to complications such as retinopathy and nephropathy (4, 5) .
The endothelium plays an important role in maintaining vascular tone and function, in part by the synthesis and release of vasoactive substances such as nitric oxide (6) (7) (8) (9) . Abnormalities in endothelial function may contribute to the pathogenesis of vascular disease in diabetics and can be detected before the development of overt atherosclerosis. Impaired endotheliumdependent vasomotion has been reported in patients with insulin-dependent (type I) and non-insulin-dependent (type II) diabetes mellitus (10) (11) (12) (13) (14) (15) . The mechanism of endothelial dysfunction in diabetes mellitus is not known, but one possibility is increased inactivation of endothelium-derived nitric oxide by oxygen-derived free radicals. In animal models of diabetes, endothelium-dependent relaxation can be completely restored by treatment with antioxidants (16) (17) (18) (19) (20) .
The primary objective of this study was to determine whether observations made in animal models of diabetes could be extended to humans. Vitamin C is an important antioxidant in human plasma, capable of scavenging oxygen-derived free radicals and sparing other endogenous antioxidants from consumption (21) (22) (23) (24) . Plasma and tissue levels of vitamin C are 40-50% lower in diabetic compared with nondiabetic subjects (25) (26) (27) . Accordingly, we sought to test the hypothesis that the antioxidant, vitamin C, can improve endothelium-dependent vasodilation in patients with non-insulin-dependent diabetes mellitus.
Methods
Subjects. The study population included 10 patients with non-insulin-dependent diabetes mellitus, defined according to the National Diabetes Data Group criteria (28), and 10 nondiabetic control subjects. The patients with non-insulin-dependent diabetes mellitus (six men and four women) had an average age of 47 yr (35-55 yr). The duration of diabetes averaged 39 Ϯ 8 mo (10-84 mo). Diabetic subjects received treatment with diet alone ( n ϭ 2), diet plus oral sulfonylurea ( n ϭ 6), or diet plus insulin injections ( n ϭ 2). The nondiabetic subjects (five men and five women) had an average age of 44 yr (36-51 yr). All subjects were recruited from the Boston area via advertisements in local newspapers. Each subject was screened by a complete history, physical examination, and laboratory analysis. Exclusion criteria for both diabetic and nondiabetic subjects included any of the following: hypertension (defined as blood pressure Ͼ ments or hormone replacement therapy, clinical evidence of cardiac or pulmonary disease, laboratory evidence of renal, hepatic, or hematologic abnormalities, and current use of antihypertensive, cardiac, or other vasoactive medications. No diabetic or nondiabetic subject had clinical evidence of atherosclerosis, as documented by the absence of symptoms such as angina, claudication, or cerebrovascular ischemia, and the absence of physical findings including diminished pulses, asymmetric blood pressure, or bruits. This study was approved by the Human Research Committee of Brigham and Women's Hospital and each subject gave written informed consent.
Drug infusion protocol. Methacholine chloride (Roche Laboratories, Division of Hoffman-La Roche Inc., Nutley, NJ), a congener of acetylcholine, was administered via the brachial artery to assess vasodilation resulting from endothelium-derived nitric oxide. Forearm blood flow was measured during infusion of increasing concentrations of methacholine at doses of 0.3, 1.0, 3.0, and 10.0 g/min.
Sodium nitroprusside (Elkins-Sinn Inc., Cherry Hill, NJ) was administered via the brachial artery to assess the vasodilator response to an exogenous nitric oxide donor. Forearm blood flow was determined during infusion of increasing concentrations of nitroprusside at doses of 0.3, 1.0, 3.0, and 10.0 g/min.
Verapamil (American Reagent Laboratory Inc., Shirley, NY), a calcium channel blocker, was administered via the brachial artery to assess vascular smooth muscle relaxation not dependent on endothelium-derived or exogenous nitric oxide. Forearm blood flow was measured during infusion of increasing concentrations of verapamil at doses of 10, 30, 100, and 300 g/min.
Vitamin C (sodium ascorbate; Abbott Laboratories, Chicago, IL) was administered via the brachial artery to assess whether this antioxidant vitamin modified the vasodilator responses to methacholine, nitroprusside, or verapamil. Vitamin C was infused at a constant dose of 24 mg/min and rate of 0.4 ml/min to limit the total vitamin C dose to Ͻ 1,000 mg and to approximate a local forearm concentration of 1-10 mM. This vitamin C concentration in vitro completely protected human plasma from free radical-mediated lipid peroxidation (23) .
The doses of each drug were chosen to achieve a significant change in forearm blood flow and forearm vascular resistance without causing systemic effects. Hemodynamic measurements were performed after infusion of methacholine, nitroprusside, or verapamil for 3 min at each dose, administered at 0.4 ml/min.
Experimental protocol. Each subject was studied in the vascular research laboratory in the postabsorptive state. The room was quiet, lights were dimmed, and temperature was controlled at 23 Њ C. Alcohol, caffeine, and all medications including sulfonylurea and insulin were withheld within 12 h of the study. Aspirin and nonsteroidal antiinflammatory medications were withheld within 7 d of the study. Under local anesthesia and sterile conditions, a 20-gauge polyethylene catheter was inserted into a brachial artery of each subject for determination of blood pressure and infusion of drugs. All subjects rested for at least 30 min after catheter placement to achieve a stable baseline before data collection.
At the beginning of each protocol, normal saline (0.9% sodium chloride) was infused intraarterially at a rate of 0.4 ml/min, and baseline measurements of forearm blood flow and blood pressure were obtained every 10 min until stable. Each diabetic and nondiabetic subject underwent the following experimental protocol: ( a ) an initial forearm blood flow dose-response curve to methacholine; ( b ) a rest period of at least 60 min to reestablish stable forearm blood flow comparable to baseline measurements; ( c ) administration of vitamin C intraarterially for 10 min, followed by measurement of forearm blood flow; and ( d ) a second forearm blood flow dose-response curve to concomitant infusion of methacholine and vitamin C. Using a similar design, eight diabetic subjects also participated in two additional protocols on separate dates to assess forearm blood flow doseresponse curves to nitroprusside and verapamil, before and after concomitant infusion of vitamin C.
Hemodynamic measurements. Bilateral forearm blood flow was determined by venous occlusion strain gauge plethysmography, using calibrated mercury-in-silastic strain gauges, and expressed as milliliters per 100 milliliters of tissue per min (D. E. Hokanson, Issaquah, WA). Each arm was supported above the heart level. Venous occlusion pressure averaged 35 Ϯ 1 mmHg. Circulation to the hand was prevented by inflating a wrist cuff to suprasystolic pressures before each forearm blood flow determination. Each forearm blood flow determination comprised at least five separate measurements at 10-15 s intervals. The vascular response to each drug was determined by measuring the forearm blood flow in the drug infusion arm, and potential systemic effects of each drug dose were assessed by measuring the forearm blood flow in the contralateral arm. Forearm vascular resistance was calculated as the ratio of mean blood pressure to forearm blood flow and expressed as units reflecting mmHg per milliliter per 100 milliliters of tissue per min.
Blood pressure was measured via the arterial cannula which was attached to a pressure transducer (P23; Statham Instruments, Hato Rey, PR) aligned to an amplifier on a physiologic recorder (Gould Inc., Cleveland, OH). Heart rate was determined from a simultaneously obtained electrocardiographic signal and calculated from the RR interval.
Statistical analysis. All measurements are presented as mean Ϯ standard error. Analyses of the difference in clinical characteristics between diabetic and nondiabetic subjects were made using unpaired and two-tailed t tests. Statistical analyses of the dose-response curves for each drug before and during concomitant infusion of vitamin C used two-way ANOVA for repeated measures. Comparisons of the vasodilator responses before and during concomitant infusion of vitamin C for each drug dose were made using two-tailed t tests, unpaired or paired as appropriate, and adjusted with a Bonferonni correction for multiple comparisons. Statistical significance was accepted at the 95% confidence level ( P Ͻ 0.05).
Results
The clinical characteristics of the study population are provided in Table I . The diabetic and nondiabetic subjects were matched for age. No subject had evidence of hypertension, hypercholesterolemia, tobacco use, or cardiovascular disease. The mean blood pressure, total cholesterol, HDL, LDL, blood urea nitrogen, and creatinine were similar in both groups. Diabetic subjects had significantly higher glucose, glycosylated hemoglobin, insulin, and triglyceride levels.
Basal forearm blood flow and vitamin C. The baseline forearm blood flow was comparable between diabetic and 
respectively ( P ϭ NS). The baseline forearm vascular resistance was 37 Ϯ 5.4 U in diabetic subjects and 43 Ϯ 5.7 U in nondiabetic subjects ( P ϭ NS). Intraarterial administration of vitamin C at 24 mg/min did not change baseline forearm blood flow in diabetic subjects, 2.4 Ϯ 0.3-2.9 Ϯ 0.3 ml/100 ml tissue per min ( P ϭ NS) or nondiabetic subjects, 2.1 Ϯ 0.3-2.2 Ϯ 0.2 ml/100 ml tissue per min ( P ϭ NS).
Vasodilator response to methacholine and vitamin C. Methacholine infusion increased forearm blood flow in both diabetic and nondiabetic subjects (Fig. 1) . However, the vasodilator response to methacholine was significantly attenuated in diabetic subjects compared with nondiabetic subjects ( P ϭ 0.01 by ANOVA). At the highest dose of methacholine (10 g/ min), the forearm blood flow increased to 12.5 Ϯ 1.6 ml/100 ml tissue per min in diabetic subjects compared to 19.8 Ϯ 1.9 ml/100 ml tissue per min in nondiabetic subjects ( P Ͻ 0.05). At this dose, there was a trend for a higher forearm vascular resistance in diabetic subjects, 7.8 Ϯ 1.8 U, compared with nondiabetic subjects, 4.4 Ϯ 0.6 U ( P ϭ 0.09).
In patients with non-insulin-dependent diabetes mellitus, the vasodilator dose-response curve to methacholine was significantly augmented by simultaneous infusion of methacholine and vitamin C (Fig. 2 , P ϭ 0.002 by ANOVA). At the maximal dose of methacholine (10 g/min), the forearm blood flow increased from 12.5 Ϯ 1.6 to 17.0 Ϯ 1.9 ml/100 ml tissue per min during concomitant infusion of vitamin C ( P Ͻ 0.05). At this dose, the forearm vascular resistance decreased from 7.8 Ϯ 1.8 to 5.5 Ϯ 1.3 U during infusion of vitamin C ( P Ͻ 0.05).
In contrast, the vasodilator dose-response curve to methacholine in nondiabetic control subjects was not altered by simultaneous infusion of methacholine and vitamin C (Fig. 3 , P ϭ 0.8 by ANOVA). At the maximal dose of methacholine (10 g/min), the forearm blood flow was similar before and during concomitant infusion of vitamin C, 19.8 Ϯ 1.9 and 20.6Ϯ2.0 ml/100 ml tissue per min, respectively (P ϭ NS). At this dose, the forearm vascular resistance was not changed before and during infusion of vitamin C, 4.4Ϯ0.6 and 4.3Ϯ0.5 U, respectively (P ϭ NS).
Methacholine administration did not affect forearm blood flow or forearm vascular resistance in the contralateral arm and did not alter systemic blood pressure or heart rate in either group.
Vasodilator response to nitroprusside and vitamin C. In patients with non-insulin-dependent diabetes, the forearm blood flow dose-response curve to nitroprusside was not altered by Figure 1 . Forearm blood flow (FBF) dose-response curves to methacholine in diabetic (᭹) and nondiabetic (᭺) subjects. The endothelium-dependent vasodilation to methacholine was significantly attenuated in diabetic subjects compared with nondiabetic subjects (P ϭ 0.01 by ANOVA). Comparisons of forearm blood flow at each methacholine dose between diabetic and nondiabetic subjects were perfomed by unpaired t tests adjusted with a Bonferonni correction for multiple comparisons. *P Ͻ 0.05. Figure 2 . Forearm blood flow (FBF) dose-response curves to methacholine (᭹) and methacholine plus vitamin C (᭺) in diabetic subjects. The endothelium-dependent vasodilation to methacholine was augmented during concomitant infusion of methacholine and vitamin C (P ϭ 0.002 by ANOVA). Comparisons of forearm blood flow at each methacholine dose before and during vitamin C administration were performed by paired t tests adjusted with a Bonferonni correction for multiple comparisons. *P Ͻ 0.05; **P Ͻ 0.01. simultaneous infusion of nitroprusside and vitamin C (Fig. 4 , P ϭ 0.9 by ANOVA). At the maximal dose of nitroprusside (10 g/min), the forearm blood flow was 11.9Ϯ2.8 before and 12.3Ϯ3.4 ml/100 ml tissue per min during concomitant infusion of vitamin C (P ϭ NS). At this dose, the forearm vascular resistance remained similar before and during infusion of vitamin C, 8.7Ϯ1.4 and 11.7Ϯ4.1 U, respectively (P ϭ NS). Nitroprusside infusion did not change forearm blood flow or forearm vascular resistance in the contralateral arm and did not significantly affect systemic blood pressure or heart rate.
Vasodilator response to verapamil and vitamin C. Analogous to the vasodilator response observed with nitroprusside, the forearm blood flow dose-response curves to verapamil alone and verapamil plus vitamin C were not different in patients with non-insulin-dependent diabetes (Fig. 5, P ϭ 0.4 by  ANOVA) . At the maximal dose of verapamil (300 g/min), the forearm blood flow was comparable before and during concomitant infusion of vitamin C, 11.1Ϯ1.1 and 11.8Ϯ1.2 ml/ 100 ml tissue per min, respectively (P ϭ NS). At this dose, the forearm vascular resistance was not altered by infusion of vitamin C, 8.3Ϯ1.3 and 8.1Ϯ1.4 U, respectively (P ϭ NS). Forearm blood flow and forearm vascular resistance did not change in the contralateral arm during infusion of verapamil. Blood pressure and heart rate also remained stable during verapamil administration.
Discussion
Vascular function in diabetes mellitus has been studied extensively in both animal models and humans. Impaired endothelium-dependent vasodilation has been a consistent finding in animal models of diabetes induced by alloxan or streptozotocin (29) (30) (31) (32) (33) (34) (35) (36) . Arteries isolated from normal animals which are subsequently exposed to exogenous hyperglycemia also exhibited attenuated endothelium-dependent relaxation (17, 37) . Similarly, studies in humans with insulin-dependent and noninsulin-dependent diabetes mellitus have found endothelial dysfunction when compared to vascular function in nondiabetic subjects (10) (11) (12) (13) (14) (15) . Our study confirms previous observations that endothelium-dependent vasodilation is impaired in patients with non-insulin-dependent diabetes mellitus. The important new finding is that endothelial dysfunction in forearm resistance vessels of patients with non-insulin-dependent diabetes mellitus can be significantly improved by acute administration of the antioxidant, vitamin C. In contrast, vitamin C does not augment endothelium-dependent vasodilation in nondiabetic control subjects.
The endothelium is an important modulator of vascular tone and function through the synthesis and release of endothelium-derived nitric oxide (6-9). The forearm vascular response to methacholine chloride depends on the health and integrity of the endothelium and the endothelium-derived nitric oxide pathway. The mechanisms responsible for endothelial dysfunction in patients with diabetes mellitus are not completely understood. Among the possibilities are: decreased synthesis or release of nitric oxide by endothelial cells; decreased responsiveness of vascular smooth muscle to endothelium-derived nitric oxide; and increased inactivation of endothelium-derived nitric oxide by oxygen-derived free radicals.
Nitric oxide is inactivated by oxygen-derived free radicals, particularly superoxide anion (38) (39) (40) (41) . Increased vascular production of superoxide anion contributes importantly to impaired endothelium-dependent vascular relaxation in animal models of hypercholesterolemia (42) (43) (44) (45) . Studies in animal models of diabetes also support nitric oxide inactivation by oxygen-derived free radicals as a cause of endothelial dysfunction (16) (17) (18) (19) (20) . In isolated aortic rings from normal rabbits exposed to hyperglycemia, Tesfamariam and Cohen (16) found that the attenuated endothelium-dependent relaxation can be prevented by treatment with SOD (a scavenger of superoxide anion) or catalase (a scavenger of hydrogen peroxide). Bohlen and Lash (17) extended these findings and found that mesenteric arterioles from normal rats exposed to hyperglycemia exhibited endothelial dysfunction which can also be prevented by treatment with SOD or catalase. Similarly, in the mesenteric arterioles from streptozotocin-induced diabetic rats, Diederich and colleagues (18) showed that SOD or 1,3-dimethyl-2-thiourea (a scavenger of hydroxyl radicals) completely restored the impaired endothelium-dependent relaxation to the level of vasodilation observed in nondiabetic rats. In analogous experiments in the aorta from diabetic rats, other investigators have also reported that the impaired endotheliumdependent relaxation can be normalized after treatment with SOD (19, 20) .
The present study extends observations made in these experimental models of diabetes to patients with non-insulin-dependent diabetes mellitus. Acute administration of the antioxidant, vitamin C, significantly improved endothelium-dependent vasodilation to methacholine, whereas the endothelium-independent vasodilator response to nitroprusside, an exogenous nitric oxide donor, and to verapamil, a direct smooth muscle relaxant, were not significantly altered by administration of vitamin C.
The improvement in endothelium-dependent vasodilation in diabetic subjects is probably mediated by the ability of vitamin C to scavenge excess superoxide anions and, thereby, decrease nitric oxide inactivation. In vitro experiments have demonstrated that vitamin C has the capacity to scavenge superoxide anion (46) (47) (48) (49) (47, 49, 50) . Despite a 10 4 slower reaction rate observed with vitamin C, tissue vitamin C concentrations are 10 4 greater than that of SOD (46, 47, 51) , enabling vitamin C to competitively scavenge superoxide anion. However, we cannot rule out the possibility that vitamin C binds and stabilizes endothelium-derived nitric oxide, increasing the availability of endothelium-derived nitric oxide by a mechanism independent of free radical scavenging.
There are a number of potential sources of oxygen-derived free radical in patients with diabetes. Circulating granulocytes and monocytes isolated from diabetic patients exhibit increased production of oxygen-derived free radicals (52, 53) . Increased production of free radicals is also observed in normal granulocytes and monocytes exposed to hyperglycemia (54) . Autoxidation of glucose catalyzed by transition metals and glycosylation of proteins can also generate excess oxygen-derived free radicals (55) (56) (57) . Lastly, experimental hyperglycemia in animals increases AA metabolism and eicosanoid synthesis (33, 37, 58, 59) . Enhanced eicosanoid synthesis results in increased production of oxygen-derived free radicals (60) (61) (62) .
In our study, vitamin C restored ‫ف‬ 60% of the attenuated endothelium-dependent vasodilation observed in diabetic subjects compared with age-matched nondiabetic subjects. It is possible that administration of a higher dose of vitamin C could have scavenged more superoxide anion and resulted in a greater improvement in endothelium-dependent vasodilation in diabetic subjects. Alternatively, other factors may contribute to endothelial dysfunction in diabetic subjects. One potential mechanism leading to endothelial dysfunction in diabetes mellitus is the formation of advanced glycosylation end products (AGEs). Protein glycosylation and cross-linking reactions mediated by hyperglycemia results in the formation of AGEs which deposit in the subendothelial layer and induce vascular dysfunction. AGEs can directly inactivate endotheliumderived nitric oxide and cause impaired endothelium-dependent vasodilation (63) . In normal animals, administration of exogenous AGEs resulted in increased AGE deposition in vascular tissue, increased vascular permeability, increased monocyte infiltration into the subendothelial layer, and impaired endothelium-dependent vasodilation (64) . All these vascular abnormalities were prevented by concomitant administration of the protein cross-linking inhibitor aminoguanidine. Another pathway to account for endothelial dysfunction in diabetic subjects is the high levels of glycosylated hemoglobin. In vitro experiments that incubated isolated aortic rings from normal rats with glycosylated hemoglobin resulted in impaired endothelium-dependent relaxation (65) . Finally, studies in vitro have shown that hyperglycemia enhances the oxidation of LDL (66, 67) . Oxidized LDL may promote endothelial dysfunction by several mechanisms, such as damaging endothelial membrane receptors for vasodilator agonists, decreasing synthesis and release of endothelium-derived nitric oxide, and directly inactivating endothelium-derived nitric oxide (68) (69) (70) (71) (72) .
In conclusion, acute administration of the antioxidant, vitamin C, improved endothelium-dependent vasodilation in patients with non-insulin-dependent diabetes mellitus. This finding supports our hypothesis that oxygen-derived free radicals contribute to abnormal vascular reactivity in diabetes. Restoring endothelial function has important clinical implications for reducing the risk of vascular disease in diabetic patients. Future studies examining the long-term effects of oral antioxidant vitamin supplementation on vascular function and cardiovascular morbidity and mortality will be required before antioxidant vitamin supplementation can be recommended.
